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A Systematic Approach to Evaluating Gaseous Filter Models 
Vida Safari 
Building occupants’ health is an important issue for building designers. There are a 
number of contaminants in an indoor environment. One approach to reduce the level of 
contaminants from the indoor air is the utilization of gaseous air cleaning devices. These 
air cleaners are saturated by the contaminants with time. The only deficiency of applying 
this technology is the lack of knowledge for predicting their lifetime. Although a few 
models exist for their lifetime prediction, there is no methodology to apply and evaluate 
their performance. 
In this study, a methodology was developed to evaluate the application of existing 
models. The proposed methodology was applied to study the lifetime of an adsorbent 
filter containing granular activated carbon as media. Furthermore, the penetration of the 
contaminants through the filter was investigated under four conditions: dry air containing 
n-hexane, dry air containing Methyl Ethyl Ketone (MEK), dry air containing n-hexane 
and MEK, and humid air containing n-hexane and MEK. The lifetime of the filter was 
evaluated experimentally and modeling was based on the breakthrough of the 
contaminants under these four conditions. The results of modeling and experiments were 
compared. The comparison showed that physical properties of the contaminants affect the 
removal efficiency of the filter. The contaminant with higher molecular weight, n-hexane, 
had more affinity to be adsorbed on the filter rather than the lighter contaminant MEK. 
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Also, the results indicated that humidity levels less than 50% do not have much effect on 
the filter’s lifetime. 
On the other hand, the proposed methodology was confirmed with this tested filter. The 
result showed that the selected model could predict the lifetime of the filter for the cases 
where there is only one contaminant in the air, with less than 10% relative error. 
Furthermore, the model could predict the breakthrough profile of the lighter contaminant 
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CHAPTER 1  INTRODUCTION 
1.1 BACKGROUND 
In the past few years, indoor air quality (IAQ) has become one of the most challenging 
issues in the design, construction and operation of buildings. According to (ASHRAE 
Standard 62.1, 2007) indoor air quality should be sufficiently acceptable in an indoor 
environment. This means that there should be no harmful contaminant concentration, as 
determined by cognizant authorities, that could cause the substantial majority of the 
people (80% or more) who are exposed to such environment feel satisfy.  
There are three methods to control the contaminant concentrations in an indoor 
environment and maintain them at acceptable levels: source control, general ventilation 
control, and filtration and purification control. 
Excluding the contaminant emission source is the most effective and economical way to 
reach a better indoor air quality. Forbidding smoking inside the buildings, and isolating 
equipments such as printers and copy machines in a separate room are some practical 
methods for eliminating the source of contaminants. However, in some cases, the source 
of contaminants may not be identified easily, rendering the elimination of the source 
impossible.  
Another method to control contaminant level in the indoor air is dilution of the air by 
increasing the ventilation rate and recirculation of the cleaned air. Outdoor air is used in 
the air-handling unit as supply air in HVAC systems for recirculation of the air. HVAC 
systems are used to provide thermal comfort and acceptable indoor air quality. ASHRAE 
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Standard 2007-b and ASHRAE Standard 55-2004 stated some regulations and standards 
for adequate IAQ and thermal comfort. There are two procedures that are recommended: 
Ventilation rate procedure, and IAQ procedure. In ventilation rate procedure, minimum 
intake rate of outdoor air is applied to achieve adequate IAQ. However, the contaminants 
in the outdoor air are in a different group and sometimes the outdoor air needs to be 
conditioned not to contaminate indoor air. The purification of the outdoor air increases 
the buildings' energy consumption and is not an economical solution. On the other hand, 
IAQ procedure controls and reduces the level of contaminants using air cleaners.  
Air purification and filtration are a promising approach that can be used to control the 
level of contaminants in the air with a less energy consumption. This method could be 
considered as an alternative method when the previous two techniques cannot control the 
IAQ. Based on the ASHRAE Standard (ASHRAE Standard 62.1, 2007), recirculation of 
the air is allowed only if the contaminant concentration is below a determined criteria. 
Using air cleaning technology reduces the outside air intake rate equal to the recirculation 
rate. This rate depends on the air cleaning devices and their removal efficiency. 
Therefore, air cleaners are the most appropriate way to reach the desired IAQ and save 
overall energy consumption in buildings. These filters can be used in HVAC systems to 
remove the pollutants either particulate or gaseous. They have been designed with 
numerous scrubbers and different characteristics and capabilities that are in use in the 
current market. The effluence of these filters will be used to re-supply the room. Thus, 
the effluence has to be perfectly clean. The efficiency and removal performance of these 
filters are of major importance in the successful design of the appropriate HVAC system. 
There have been extensive studies on the removal performance of particulate filters in the 
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literature. The evaluation of these filters can be found in the previous studies (ASHRAE 
Standard 52-1999). However, there is a need to have a standard method for evaluation of 
air cleaners and a general guideline to quantify the performance of these devices using 
available models. 
As mentioned previously, the most conspicuous gaseous contaminant inside the buildings 
is VOC. As the concentration level of the contaminant of indoor air is low, there are two 
technologies that are applied for removing of VOCs. The first method is oxidation 
technique such as photo-catalysis or cold plasmas  (Popescu et al., 2007). In this method, 
the organic compounds decompose, while the catalyst is deactivated. However this 
process could possibly generate harmful secondary chemicals, hence it is recommended 
to opt for other applications when alternative methods can be implemented. The second 
technology that can be used for air cleaning is the application of adsorption systems. 
Adsorption technique is the most appropriate technique for controlling the level of VOC 
using air cleaners (Gupta and Verma, 2002; Mahajan, 1987). There are different sorptive 
media such as activated carbon, activated alumnia and zeolite that are used in HVAC 
systems. Commonly, activated carbon has been used as a common scrubber in air cleaner 
devices in different types and shapes (Henschel 1998). The high usage of activated 
carbon is due to its high capacity and affinity for VOCs. Furthermore, the qualification 
and effectiveness of activated carbon have been verified in industrial application (Liu and 
Huza, 1995). The main deficiency of this technique is the saturation of the sorbent after 
adsorbing a specific amount of the contaminants. The sorbent will be saturated after a 
period of time, and it would not be as efficient as it was initially. Therefore, the sorbent 
should be changed or regenerated periodically. Thus, the lifetime of the filter should be 
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determined. To find the lifetime of the filters some information is needed. Because there 
are many parameters affecting the removal performance of the filters, it is necessary to 
have a method that integrates all the required information. This method should be general 
or should have the capability to be generalized to different applications and conditions. If 
a general method is available, it will ease determining the efficiency of these air cleaners. 
This method includes modeling of air cleaners, defining required parameters for the 
modeling, and validating the proposed model. The efficiency of these cleaners allows 
determining their life time. By predicting efficiency and lifetime, the filters can be 
changed or regenerated by building operators, allowing an efficient filter all the time. 
Therefore, it is necessary to model these air cleaners, as the models will be used to 
compute the removal efficiency. The removal efficiency is a function of diverse factors. 
All these factors are important in finding the total contaminant transfer from 
contaminated air to the air cleaner. Contaminants adsorb to the sorbent in the air cleaner, 
and diffuse through the air cleaner into the sorbent. Therefore, the adsorption and 
diffusion phenomena should be modeled. To model the adsorption and diffusion 
phenomena, the basic mass transfer that occurs in the air cleaners should be defined. 
Contaminants in the air are transferred from the air to the sorbent. There are different 
parameters that affect the mass transfer from the air to the filter, and they are: Filter 
structure and properties, physical and chemical properties of the VOCs in the air, 
environmental conditions, and sorption parameters (Mahajan, 1987; Popa and Haghighat, 
2003). There are various models that could be used for the prediction of air cleaners’ 
removal efficiency. To the best of the author’s knowledge, there is not a systematic 
methodology for verification and validation of these models. All of these concerns claim 
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the necessity for the development of a systematic methodology for predicting the 
performance of gaseous filters. This method should also consist of the quantification of 
the required parameters. 
1.2 OBJECTIVES 
The objectives of this study are: 
 To develop a systematic method to evaluating gaseous filter models used for 
evaluating the removal performance of commercial air cleaners and finding the 
lifetime of these devices. 
 To select a model and establish an experimental set-up to obtain the required 
parameters and then, 
 To validate the selected model against experimental data. 
1.3 THESIS OUTLINE 
Chapter 2 explains the fundamentals of mass transfer in sorptive gaseous filters. The 
adsorption process is extensively investigated. The chapter also provides a review of the 
previous studies that have been done in the removal performance of sorptive gaseous 
filters, and models development. In addition, the effective parameters of removal 
performance and lifetime prediction of the filter are presented. Chapter 3 explains the 
developed method to quantify the required parameters for the available models in gaseous 
filters. An experimental procedure for evaluation of a filter is presented and explained in 
details. This case study aims to be used for model validation. Furthermore, the required 
parameters for the selected model are quantified, and the proposed experimental setup is 
applied to find the experimental parameters required in the model. In addition, the 
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experimental setup that was established in the methodology is applied to validate the 
model against experimental data. Chapter 4 reports the calculated results and 
experimental results stemmed from this research. Finally, Chapter 5 provides the 




CHAPTER 2  LITERATURE REVIEW 
2.1 INTRODUCTION 
Improving indoor air quality has become a major task in the design and construction of 
building in today’s modern world. There are many sources of pollutants such as tobacco 
smoke, radon, building materials, combustion products from inside the buildings, outdoor 
pollutants, and consumer products. However, the major contaminants in indoor air are 
VOC compounds. Extensive research has been done by the Environmental Protection 
Agency which stated that most people spend approximately 90 percent of their time in 
indoor environments. Thus, investing more attention to the air quality in the buildings is 
necessary to protect building occupant against the contaminants. Poor indoor air quality 
is a leading cause to many illnesses. Headache, dizziness, nausea, asthma, allergic 
reactions, cancer, and irritation of eyes, throat, and skin are some of the illnesses which 
are caused by poor indoor air quality (EPA 2008). Improving the quality of indoor 
environment will decrease these illnesses. Applying air cleaners is one promising way to 
ensure a better indoor air quality by reducing the level of contaminants in indoor air. 
Sorptive filters can remove the pollutants from indoor air by adsorbing the contaminants 
on the adsorbent in the filter. Activated carbon filter is one of these sorptive filters which 
only trap gaseous species, especially VOCs. The main problem of this method is that the 
saturation of the media in the filters (Popescu et al., 2007). Thus, these filters have a 
limited lifetime and it should be determined prior to using them. The removal 
performance of the filters has been studied (Axley, 1994; Pei and Zhang, 2010; Pei et al., 
2008; Xu et al., 2011). In the previous studies, some models have been proposed. 
However, all of them are applicable for the case of a single contaminant in the air which 
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is not representative of the real situation in a building. In reality, there exists mixture of 
compounds in the air. Tsai et al. (1985) have proposed a method with three different 
adsorption models for adsorbing a mixture of CH4 and H2 on activated carbon. Predicted 
performance of the filter in the three models was not the same and differed from 
experiments. Furthermore, the behavior of a mixture of common VOCs’ adsorption on 
activated carbon in the air is different from methane and hydrogen. Also, a model is 
applicable only if it is validated and can be generalized. Despite all the previous studies 
there exists no general method for validation of these models. 
In this chapter, the previous studies on the removal performance of the gaseous filters, 
and available models for these filters are presented. The required parameters for use in 
the gaseous filter models have also been introduced. First, however, the fundamentals of 
the adsorption and mass transfer processes inside gaseous filters have been detailed. 
2.2 MASS TRANSPORT 
The mass transfer between gas phase and solid phase in a bed containing porous material 
occurs in three main stages; external diffusion, internal diffusion, and surface adsorption. 
The contaminants are transferred from the indoor air to the sorbent in the filter by the 
previously mentioned phenomena. Figure 2- 1 shows the different stages of mass transfer 





Figure 2- 1. Mass transfer stages in porous material (from Bastani 2008) 
2.2.1 External Diffusion 
The process of transferring the contaminant’s molecules from the gas phase through the 
boundary layer on the adsorbent surface in the filter is called external diffusion. External 
diffusion is mostly affected by the external film mass transfer coefficient and 
contaminant concentration gradient between the bulk air and sorbent’s surface (Noll et 
al., 1992). Therefore, when the adsorbed phase concentration increases, the diffusion rate 
decreases. Furthermore, when the contaminant concentration in the air phase is low, the 
diffusion rate is low as well, and it can be neglected. Thus, the external diffusion is 
negligible in low concentrations (ASHRAE, 2007-a). Thereby, the governing process is 
adsorption and not diffusion. 
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The mass transfer is explained by convection mass transfer coefficient, hm, during 
external diffusion, which defines the flow through the boundary layer depending on the 
gradient between gas phase contaminant concentration and concentration of the 
contaminant on the adsorbent’s surface. External mass transfer coefficient is mostly 
dependent on the compound (in the case of filter, pollutants), and on the airflow rate. 
Three dimensionless numbers are used to determine the external mass transfer 
coefficient; Sherwood number, Reynolds number, and Schmitt number that are presented 

























Therefore, the external mass transfer coefficient is determined through different 
correlations of Sherwood number. Then, the external diffusion rate is obtained after 
determining the external mass transfer coefficients. However, among the correlations of 
mass transfer coefficient equations, Ranz and Marshall (equation (4)), Wakao and 
Funazkri (equation (5)), Petrovic and Thodos (equation (6)), and Williamson et al. 
(equation (7)) are usually used for packed beds. In general, Wakao and Funazkri 
correlation yields a higher value for the mass transfer coefficient as compared to the other 
ones since this correlation considers the axial dispersion effect (Noll et al., 1992). 
Nevertheless, Ranz and Marshall, and Wakao and Funzkri equations are the two widely 
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used correlation for estimation of the mass transfer coefficients in a porous media in 
















































Popescu (2008) stated that the Sherwood correlations were developed at different 
experimental conditions, including temperature and concentration that may have caused 
different results and added an uncertainty factor to his simulation results. 
2.2.2 Internal Diffusion 
The transport process of the adsorbate molecules within the pores from the external 
surface of the adsorbent to the interior of the adsorbent is called internal diffusion. It 
includes molecular and Knudson diffusion within the gas phase and surface diffusion 
along the surfaces which surround the pores. Internal diffusion can be considered as 













Intra-particle diffusion involves different mechanisms; ordinary diffusion or molecular 
diffusion, Knudson diffusion, and surface diffusion. The mechanisms depend on the pore 
size, the sorbate concentration, and some other conditions. If the pore sizes are high and 
the solution is dense, then the mechanism can be considered to be molecular diffusion. If 
the solution is gas which has a low density, or if the pores are small, or both, the collision 
of the molecules with the pore wall is more than with each other, the Knudson diffusion 
should be applied. If the transport of the molecules is characterized by a movement over 
the surface, surface diffusion should be applied. 
2.2.2.1 Molecular diffusion 
Molecular diffusion coefficient is a basic property of a compound and has been measured 
for a variety of compounds using different techniques. The value of molecular diffusion 
for many chemicals is available in handbooks (Lide, 2004; Perry et al., 1963). Molecular 
diffusion increases with temperature and decreases with viscosity of the medium (Logan, 
1999). For a gas-solid system, the effective molecular diffusivity can be calculated by 































Where, 1M and 2M  are the molecular weights of species in the mixture, P is the total 
pressure, 2/)( 2112    is the collision diameter (molecular separation at collision) 
from Lennard-Jones potential in

A , and   is a function of 21,/  Tkb  is the 
Lennard-Jones force constant, which is found from collision function curve for diffusion 
in Figure 2- 2. The values of  and  can be calculated from gas properties such as 
viscosity. If these values are not available, they can be calculated approximately for each 
compound by the following equation. 










Table 2- 1. Atomic and molecular volumes (from Treybal 1990) 
 
Where, Tb is boiling point and  is the molecular volume of liquid at normal boiling point 
in m
3
/kmol (Table 2- 1). Molecular diffusivity happens when molecule-molecule collision 
is much more dominant than collision between molecules and the wall. Because this 
diffusivity depends on the collision between molecules, the molecular diffusivity is a 
function of temperature, pressure, molecular weight, and other properties of the 
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components. Advanced kinetic theory showed that the composition of the mixture has a 
small effect on molecular diffusivity.  Therefore, the molecular diffusivity of a compound 
is constant and can be calculated for each compound at the standard condition 
(Thibodeaux and Mackay, 2010). 
 
Figure 2- 2. Collision function for diffusion (from Terybal 1990) 
2.2.2.2 Knudson Diffusion 
The driving force for Knudson transportation is the concentration gradient, and its 
characteristic parameter is called the Knudson diffusivity DK,i for specie i. Knudson flux 
depends on the molecular weight (Duong, 1998). Knudson diffusivity can be estimated 
from (Ruthven, 1984): 
)()(9700 122/1  scm
M
T




Where, M is the molecular weight of the diffusing species and λ is the mean pore radius. 
Each species diffuses independently of Knudson regime. Therefore, the Knudson 
diffusivity does not depend on the composition and concentration of the gas. 
2.2.2.3 Surface diffusion 
Both Knudson and molecular diffusion occur due to the gas phase flow within the pores. 
Also, the flux may transport compounds from the physically adsorbed layer on the 
surface of the macropores. The mobility of this adsorbed phase is much smaller, but the 
concentration is much higher. Therefore, if the adsorbed layer is thick, the transport from 
the flux is significant. This transport is called surface diffusion and is the most 
complicated type of diffusion. It assumes that a surface is flat which contains some sites. 
If a molecule wants to go from one site to another vacant site (It is assumed that the 
energy of these sites are larger than the thermal energy of a molecule), the molecule 
should gain energy (Duong, 1998). Due to the complexity of surface diffusion, and its 
small effect it has in some cases such as activated carbon, it is usually neglected. 
2.2.2.4 Effective diffusion 
If the surface diffusion transfer is neglected, the effective diffusion in the adsorption 







Adsorption is a surface physical phenomenon. Mass transfer between two phases where 
the adsorbents transfer from the gas phase to the solid phase causes relocation of the 
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compounds. This relocation results in the accumulation of the compounds at the surface 
of the adsorbent or at the interface of the two phases. The adsorption technique is mostly 
used for removing relatively low concentration of pollutants from a gas phase by trapping 
the pollutants on a solid. This solid should be able to hold (adsorb) the pollutant with its 
intermolecular forces. The adsorbent is the phase that is adsorbing on its surface. The 
material concentrated or adsorbed at the surface of that phase is called the adsorbate. 
However, absorption is when the transferred material from one phase to another 
interpenetrates the second phase to form a “solution”. Sorption is a general expression 
used for both adsorption and absorption. There are differences in the sorption processes. 
Ce and CSe in Figure 2- 3 represent the equilibrium concentration of a substance 
(pollutant in sorption filters) in each of two phases. In general, CSe is the amount of 
adsorbate corresponding to a unit weight of solid adsorbent and Ce is the concentration of 
a compound in the fluid phase. Curves I and III specify the nonlinear correlation of 
favorable and unfavorable adsorptions respectively. Curve II indicates the linear 
adsorption characteristics (Slejko, 1985) 
Adsorption at a surface is highly influenced by the binding forces between individual 
atoms, ions, or molecules of an adsorbate and the surface, and all of these forces are the 
results of electromagnetic interactions. Four main types of adsorption -exchange, 
physical, chemical, and specific- are identified (Slejko, 1985). Exchange adsorption, or 
ion exchange, deals with electrostatic attachment of ions to the opposite site charge at the 
surface of the adsorbent, with displacement of some ions with other ions of higher 
electrostatic affinity. Physical adsorption involves van der Waals forces which include 
both London dispersion forces and classical electrostatic forces. In a chemical adsorption, 
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a reaction involves the adsorbate and the adsorbent, and as a result, the chemical form of 
the adsorbate is changed. Adsorbate molecules attachment on adsorbent surfaces can be 
an outcome of specific interactions that do not result in adsorbate transformation. The 
binding energies of “specific adsorptions” cover a wide range of sorption processes; from 
physical adsorption to the higher chemisorptions. 
 
Figure 2- 3.Types of equilibrium sorption; Ce=amount sorbed, Ce=amount in solution (from 
Weber, 1972) 
 
2.2.3.1 Adsorption gaseous filters 
The removal media, size, pore size distribution of the media, removal bed packing 
density, gas conditions and concentration of the contaminants in the gas, affect the 
removal efficiency of the gaseous filters. In gaseous filters, the gas with a known 
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concentration passes through the filter that is filled with a sorbent media such as activated 
carbon. The contaminant concentration decreases due to an airflow that induces a mass 
transfer from the bulk air to the media. Thus, the concentration of the contaminant in the 
gas and solid phases is dynamic both in time and space (through filter). The section of the 
filter in which mass transfer occurs, and the sorbent is filled with the contaminant, is 
called the mass transfer zone. Figure 2- 4 presents this section.  
 
Figure 2- 4. Gas concentration profile inside the filter and mass transfer zone (from Noll et al. 
1992) 
 
The filter inlet zone becomes saturated after a period of time. The mass transfer zone 
moves towards the bed’s length. When all the contaminants are removed by the sorbent 
media in the filter, the contaminant concentration of the filter effluent diminishes to zero 
and the effluent air is considered clean. At this point, the removal efficiency of the filter 
is 100%. As the mass transfer zone moves to the end of the filter, the contaminants 
penetrate the filter, and the removal efficiency of the filter decreases. The time required 
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for the contaminant to reach the effluent of the filter is called the breakthrough time. The 
penetration profile plotted versus the elapsed time is called the breakthrough curve. 
Penetration increases while the removal efficiency decreases. The concentrations before 
and after the filter are equal when the whole mass transfer zone passes the filter. The 
breakthrough time profile of a filter is important for HVAC designers and has been 
studied (VanOsdell 1994). Therefore, the present research uses the breakthrough curve as 
the indicator for discussion. 
2.2.3.2 Adsorbate Properties 
Volatile organic compounds (VOC) are a group of organic gases composed of carbon and 
hydrogen. Some of the major VOCs found in the air are n-hexane, 2-butanone or methyl 
ethyl ketone (MEK), i-butanol, toluene, and p-xylene. The VOC concentration indoors is 
much higher than outdoors (EPA, 2007). VOCs are emitted from different materials in 
the buildings such as paints and lacquers, paint strippers, cleaning supplies, pesticides, 
building materials and furnishings, office equipment such as copiers and printers, 
correction fluids and carbonless copy paper, graphics and craft materials including glues 
and adhesives, permanent markers, and photographic solutions (EPA, 2008). VOCs may 
have short or long term adverse health effects on the human body. Eye, nose, and throat 
irritation, headaches, loss of coordination, nausea, damage to liver and kidney are some 
adverse health effects that result from exposure to VOCs (EPA, 2008). 
2.2.3.3 Adsorbent Properties 
Adsorption is a surface phenomenon; practical commercial adsorbents have large surface 
areas. Most of the adsorbents contain internal surfaces with extensive pores and 
capillaries of highly porous solids. The pores are either cylindrical, or slit shape (Chiang 
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et al., 2001). For removing VOCs, sorbents that are characterized by a large surface area, 
no attraction for water adsorption (hydrophobic), thermal stability, no catalytic activity, 
and easily re-generable are more appropriated (Guo et al., 2006). 
Activated carbon, especially granular activated carbon, is commonly used in air cleaning 
devices (VanOsdell et al., 2006). The solid used in air cleaners as an adsorbent is usually 
an activated carbon or a crystalline material with high internal porosity. The structure of 
the pores are macropores (diameters larger than 50 nm), micropores (diameters less than 
2 nm), and mesoropores (between 2-50 nm). Noll et al. (1992) studied the structure of 
graphite and turbostratic carbon. The structure of these sorbents is similar to the activated 
carbon, as displayed in Figure 2- 5. Activated carbon has micro-crystallites and its width 
is less than 100 A. The microcrystallites are connected in different directions as shown 
in the figure. The connections of microcrystallites form the micropores (Ruthven, 1984). 
Adsorbed molecules may obstruct the entrance of other molecules to the internal surfaces 
in micropores’s sorbents  (Hunter and Oyama, 2000). 
 (a) (b) 




Activated carbon has hydrophobic and organophilic molecules. The affinity of activated 
carbon for adsorbing non-polar compounds is much higher than polar compounds. 
Pellets or granules of activated carbon are mostly used as adsorbent in the air cleaners in 
HVAC systems (ASHRAE, 2007-a). The effective removal process for granular activated 
carbon is verified by determining the contact time between these adsorbents and airflow. 
The effective contact time ranges between 0.02-0.2 seconds that is known as residence 
time (Holmberg et al., 1993).  
The VOCs removal efficiency from the gaseous phase by adsorption depends: the type of 
compounds, concentration of the compounds, pressure, temperature, and humidity, pore 
structure, quantity of the active sites, and characteristics of the adsorbent material. 
The molecular size affects the adsorption rates when the adsorption is governed by intra-
particle diffusive mass transport in porous adsorbents. The adsorption is faster when the 
molecule sizes are smaller. However, the adsorption rate dependency on molecular 
weight is only within a particular chemical class or homologous series. If molecules are 
large (but from another chemical class), they may be adsorbed more rapidly than smaller 
molecules of another chemical class (Slejko, 1985). 
2.2.3.4 Adsorption isotherm 
In adsorption process between gas phase and solid phase, the adsorbate compounds 
(contaminants) are accumulated on the surface of the sorbent or at the interface of the two 
phases, and it is generally assumed that the two phases are in equilibrium at a constant 
temperature.  Adsorption isotherm describes the relation between the adsorbed mass in 
the solid phase and the adsorbate concentration in the gas phase. 
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)( sp CfC   
(16) 
Based on Brunauer’s classification, below a critical gas temperature, the adsorption 
isotherm can be classified into five categories as shown in Figure 2- 6. Type I isotherm 
(Langmuir isotherm) is used in a system with a monolayer molecular adsorption. 
Adsorption occurs in a micropores solid, where the pore size is not much greater than the 
adsorbate molecule size. Therefore, the adsorption limit is governed by the micropore 
volume (Noll et al., 1992). The following isotherm equation represents the type I 














Where Cs is the equilibrium adsorbate concentration in the sorbed phase (contaminant 
concentration in solid), C is the adsorbate concentration in the gas phase (contaminant 
concentration in the air). The constant parameters, Cs0, and KL can only be found 
experimentally. In the experiment, different gas concentrations are introduced, and the 
amount of the contaminant that is adsorbed is measured. The constant parameter is 
determined from the knowledge of gas phase concentrations (C) and the corresponding 





Figure 2- 6. Brunauer’s classification of adsorption isotherms (from Hines et al. 1993) 
 
There are various models for adsorption isotherm; Langmuir, Linear, BET, Polanyi, and 
Freundlich (see Table 2- 2). Axley (1994) mentioned that for sorption of air pollutant in 
building materials, Langmuir and Linear models are the most appropriate ones. For 
sorption of any contaminants, if its concentration is within one order of magnitude of its 
saturated value, the BET model should be used (Axley, 1994). Polanyi and Freundlich 





Table 2- 2. Adsorption isotherm models (from Axley 1994) 
 
 
The other types of adsorption isotherms are intended for the multilayer adsorption 
occurring on the surface of the adsorbent (Young and Crowell, 1962). Therefore, linear 
and Langmuir adsorption isotherm are usually assumed to be between the gas phase and 
the solid phase concentration. A set of experiments is required to obtain the adsorption 
isotherm constant parameters for the specific contaminants and the specific sorbent. 
2. 3 AVAILABLE MODELS FOR GASEOUS FILTERS 
The convection diffusion of pollutants in air cleaners like fixed beds of sorbent particles 
or granules is described through sorption equilibrium-constrained one dimensional 
convection diffusion equations. Finite element procedures may be used to transform these 
equations to differential equations that may be later directly integrated with available 
macroscopic models to simulate the behavior of the whole building/HVAC systems. 
However, most of the buildings do not employ fixed beds because they need an 
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additional fan power to overcome the large pressure drop. Instead, they use porous media 
in order to increase mass transfer area and contact time while keeping low pressure drop. 
Axley (1994) employed a method including tanks that have been connected together in 
series in order to have a model with a well mixed sorption chamber and plug flow fixed 
bed devices. This model can be used for the adsorption filters. Sorbent particles and 
granules can make fixed beds. The mechanism for the sorption is assumed as the sorption 
of A to an active site S
*
 makes the species bound like A.S

 and produces H, which is the 






The rate of adsorption and desorption is instantaneous in comparison with other transport 
steps. However, for single component sorption under steady state conditions, the rate of 
adsorption will be equal to the rate of desorption and the concentrations of adsorbate in 
the air phase, C (g species/ g air), and sorbed phase, Cs (g species/g sorbent), will remain 
constant in the equilibrium state. If isothermal conditions at atmospheric pressure 
(general adsorption isotherms) is assumed: 
)( ese CfC   
(19) 
This means that the sorbed phase is in equilibrium with the air phase. The function f 
relates the sorbed phase concentration to the air phase concentration. The function is 
unique for each system of adsorbate-adsorbent. 
Furthermore, the following reaction is used for the chemical transformation in filters:  
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**. SproductsSA k   (20) 
ss CMkR ..  
(21) 
Knowing chemical reaction, external diffusion, internal diffusion, and adsorption, the 
mass transfer inside the filter can be determined. Axley (1994) estimated the external 
diffusion mass transfer from the boundary layer theory: 
)( *CChAw msair    (22) 
However, internal diffusion can be found using Fick’s law of diffusion within the 
granules of sorption filtration, or the linear driving force model which is simpler but less 
accurate (Weber, 1972; Yang, 1987). Axley (1994) used a linear driving force model like 












sC  is the sorbed phase concentration that can be in equilibrium with air phase 
concentration at the exposed surface of the sorption granules ( *C ). The above equation 











Based on the linear adsorption isotherm, 0)( CCKCf T  , where KT  (gair/gsorbate) is the 
tangent slope of the isotherm about the given state of concentration and C0
'
 is the 













Three main mass balance equations can be written; One for the bulk air phase, one for the 
near surface air-phase, and one for the pore air-phase. If C
*
 from equation 23 is 


























































































To modify Axley’s model, Popescu et al. (2007) developed a model based on Yu and 
Neretnieks (1993) and Axley (1994) for a single, dry and isothermal air conditions. 
Popescu et al. (2007) considered four elemental transport phenomena: advective transport 
(airflow passes through the filter and carries the contaminants), diffusion through the 
boundary layer which separates the bulk air phase from the adsorbent surface, porous 
diffusion in the adsorbent, and adsorption desorption processes at the pore surfaces. 
Advection is the transport of the molecules of pollutants by airflow passing through the 
filter around the adsorbent. During this process, molecules of the pollutants in the gas 
migrate to the interior pores of the adsorbent by diffusion. This migration is accompanied 
by the adsorption of some pollutants’ molecules which obstruct the surface pores of the 
adsorbent. Adsorption phenomenon is the basic process that results in air purification by 




Popescu et al. (2007) considered three terms of mass transfer in the inter-pellet air-phase 




















Equation (28) shows the mass balance within the pellet covers the accumulation in the 






























The link between the two equations was given by *)( CRrC op  . Also Popescu et a. 
(2007) assumed that sC and pC  are always in equilibrium, therefore, 




They considered this function a linear adsorption isotherm as follows: 
pps CKC   
(30) 
The partition coefficient, pK , can be determined experimentally from the sorption 
equilibrium. It is defined as the total mass of gas adsorbed and was calculated by 






































Then by decomposing the filter into n elemental cells (as shown in Figure 2- 7), and 
considering that the concentrations C , *C and pC are uniform in the same cell, and also, 
by using linear driving force (LDF) model, Popescu et al. (2007) transformed equations 
(27) and (28) into the following equations. The only unknown concentrations in these 
equations are iC  
and siC , which are the inter-pellet air-phase and the sorbed-phase 






























































































r is the air recirculation between adjacent cells which are considered for axial turbulent 
diffusion and is a number between 0 to infinity; Popescu et al. (2007) defined r as 0. 
Then, for each mass transport component they implemented the equation using the 
dynamic system simulation program Matlab/Simulink. The results of the model were 
conducted within 25% change in Kp because of the uncertainty in the partition coefficient. 
The developed model was capable of predicting the results for a single contaminant 
isolated in air within 25% change in Kp, but it is not appropriate for use in the case of a 
mixture of contaminants in air (Popescu et al., 2007). 
As another example of air cleaner modeling, (Yu and Neretnieks, 1993)) proposed a 
model for a passive sheet containing activated carbon to reduce the concentration of 
volatile organic compounds in the air. The activated carbon sheet with 5m long, 2m 
height, and 2mm thick containing activated carbon particles of 1mm in diameter was 
studied. The porosity of the sheet was 0.4, and the particle density including pore volume 
was 800 kg/m
3
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(33) 
The first term in the left hand side of the equation represents the mass accumulation in 
the pores of the compartment i, the second term indicates the accumulation in the sorbed 
phase and the right hand side represents the mass transfer from/to various compartments 
in contact with the compartment i (Yu and Neretnieks, 1993). Furthermore, the assumed 
adsorption isotherm is based on the Henry’s Law equation, which means that the sorbed 
concentration csi is in equilibrium with the gas phase concentration, ci: 
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iisi CKC   (34) 
Substituting this relation into the mass balance equation, the mass balance equation for 


















Where, pi is the porosity of the sorbent for compartment i. The mathematical model was 
solved using standard numerical Stiff solver based on Gear’s method. This particular 
solver changes the equation into n ordinary differential equations. This model was 
developed for the filters containing activated carbon sheets. However, this model is not 
appropriate for filters in HVAC systems in buildings, because the only compartment in 
contact with the activated carbon sheet is air. This model could be used only for single 
contaminant in air. The major limitation of this model is that the volume of the 
compartments could be difficult to determine or could be defined based on a weak 
estimation. 
Xu et al. (2011) developed another model for single contaminant in air neglecting internal 
diffusion. It was based on the assumption of using one pellet of adsorbent, and then, it 
was generalized into the bed. Although this assumption simplifies computations for the 
mass transfers inside the bed, it yields errors and shows low accuracy. They studied 
applications of dimensionless parameters that are only dependant on the environmental 
conditions. Therefore, this model is applicable to any environmental condition using 
dimensionless numbers. The partition coefficient was estimated using the linear 
assumption. The partition coefficient and diffusion coefficients are very important in this 
model. However, due to the lack of data about the partition coefficient, further research is 
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required to determine the partition and diffusion coefficient. They applied a mass transfer 













Ro is the radius of the pellet. The initial condition and boundary conditions are: 
0,00  tRratC o
 
(37) 
0,),()(  tRratKCDCCh om
 
(38) 
0,0,0)(  tratCKD p
 
(39) 
In summary, there are many models that have been developed for gaseous filters. 
However, no specific methodology has been established yet for obtaining the most 
accurate results by applying the most appropriate model. Therefore, there exists a need 
for a universal methodology to evaluate the available models based on their applications. 
Most of the gaseous filters models are used for single contaminant in the air; a situation 
that is not realistic for air cleaners. All the available models have been validated for 
single contaminant. The current study aims to develop a methodology to evaluate the 
available models for single contaminant cases as well as mixture cases. The proposed 





CHAPTER 3  METHODOLOGY 
 3.1 INTRODUCTION 
Filter performance and active service life are critical information required in order to 
develop a service and maintenance schedule i.e, changing, charging, or regenerating the 
filter. Numerous mathematical models have been developed, and can be used to predict 
the service life of gaseous filters (Axley, 1994; Pei and Zhang, 2010; Popescu et al., 
2008; Popescu et al., 2007). The output of the models is the removal performance or 
penetration of the filters. If the efficiency of the filter over time is provided, a 
maintenance schedule can be planned to change or regenerate the filter. Prior to using 
these models, the user must provide a number of input parameters that must be obtained 
experimentally. Thus, due to the various parameters and procedures that should be 
implemented to verify those models, the validation technique becomes complicated. 
Therefore, a systematic approach is needed for validating these models. A methodology 
is proposed for the validation of gaseous filter models and for quantifying the 
corresponding input parameters.              Figure 3- 1 presents the steps to be followed for 
determining the required input parameters and validating the model. The proposed 
methodology is explained in details in this chapter. An existing model is chosen for 
implementing the suggested methodology, its required parameters are calculated and 









3.2 CHOOSING A MODEL 
Several models have been developed to predict the removal efficiency of sorption 
gaseous filters. The modeling has been implemented based on the physical phenomena 
occurring in gaseous filters using the fundamentals of mass conservation. As the time 
passes, the gaseous filter is saturated and its efficiency diminishes. Thus, a contaminant 
mass balance equation can be written for the filter to describe the transfer of the 
contaminants from air to the sorbet media in the filter by diffusion and adsorption. The 
present model is based on the four mentioned elemental transport phenomena: advection, 
external diffusion, internal diffusion, and adsorption. 
Figure 3- 2-a shows a filter containing some media as a sorbent. If a boundary layer is 
assumed to exist around the filter in the bulk air-phase, a mass balance equation can be 
written for the contaminants in the air. It is assumed that the incoming air contaminant 
concentration, or the upstream concentration, is constant. As the contaminants transfer 
from the air to the sorbent media, the contaminant concentration of the effluent of the 
filter diminishes, this specific concentration is referred to as the downstream 
concentration. Thus, a contaminant mass balance equation can be written for the filter. 
Contaminants going through the filter are adsorbed in the filter or exit as the effluent of 
the filter. Therefore, the mass balance equation includes the contaminants upstream, 
downstream and inside the filter. 
Figure 3- 2-b displays one pellet of granular filter’s sorbent inside the packed-bed in the 
filter. A hypothetical layer around the pellet is assumed in order to write the contaminant 
mass balance equation inside the filter. As shown in Figure 3- 2-b, the contaminant is 
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transferred from the bulk phase to the hypothetical layer and then is adsorbed and 
diffused in the pellet. 
 
Figure 3- 2. a) Filter containing sorbent, b) One sorbent pellet 
 
The contaminant mass balance around the filter or around the pellets infers that the 
summation of the inlet, the outlet, the sink, and the source of the contaminant in the filter 
equals to the concentration change through the filter or inside the pellets in the filter. Or, 
In – Out + sink/source = Concentration Change Rate 
This mass balance equation can be written for sorbent pellets and for the whole filter. It 
yields two fundamental equations that forms the basis of the modeling. The output of the 
model is the concentration change in time and is used to obtain the performance and 
lifetime of a filter. 
3.2.1 Model Development 
Figure 3- 3 presents the convective contaminant transfer from the air to the boundary 
layer of the pellets inside the filter. A hypothetical layer (boundary layer) is assumed 
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around the pellets of the sorbent media. Therefore, convection is assumed to occur 
between the bulk air phase inside the filter and the boundary layer of the pellets. Equation 
(40) presents the mass of transferred contaminants by convection. The total contaminant 
transfer through the filter and the convection from the bulk air to the adsorbent’s 
boundary layer equals to the rate of concentration change in the filter. 
where hAK sairh   represents the boundary layer mass transfer rate.  
 
Figure 3- 3. Convection inside a filter to one pellet of sorbent media 
 
To find the hypothetical concentration *C  in equation (40), the contaminant transfer is 
explained by a mass balance equation for the near surface air-phase. The transferring of a 
contaminant occurs between the hypothetical layer and inside the pellets. Contaminants 
diffuse from the hypothetical layer into the pores of the pellets. Therefore, the rate of 
contaminant concentration change in the pellets (the solid phase) is equal to the rate of 
contaminant diffusion from the hypothetical layer to the pores. Thus, if no chemical 
reaction takes place between the solid phase and the fluid phase, the following mass 
balance equation can be written for the pore phase: 
dt
dC










MCCK sspD  
(41) 
 
Where, pC  is the air phase concentration within the pores of the pellets and is in 
equilibrium with the sorbed phase concentration (contaminant concentration in the solid 
phase,
sC ), and 
2/15 pTesD rKDMK   characterizes the pore diffusion rate (Ruthven, 
1984). 
A contaminant mass balance is written for a pellet to find the pore phase concentration in 
the pellets as is shown in Figure 3- 4. The contaminants that have been convected from 
the bulk to the hypothetical layer are diffused into the pores. Therefore, the diffusion rate 
from the hypothetical layer to the pores is equal to the convection from the bulk to the 
hypothetical layer. 
0)()( **  CCKCCK hpD  
(42) 
 
Figure 3- 4. Contaminant’s transfer inside a pellet 
 
 
Directly, after finding *C from equation (42), and substituting it into equations (40) and 






























Equations (43) and (44) are the basic mass balance equations for a gaseous filter. The 
current study objective aims to use the proposed methodology to validate a gaseous filter 
model experimentally. The inlet or upstream concentration C0, is required for solving 
these two equations, which yields outlet concentration, C or Cdown, as a function of time. 








efficiencyremoval  (45) 
 
Once the required parameters are obtained for solving equations (43) and (44), a set of 
experiments is conducted. The experimental results are compared with the results of the 
numerical model, validating the applicability of the model. 
There are three unknown concentrations in equations (43) and (44) namely, the air phase 
concentration, the sorbed phase concentration, and the pore phase concentration. One 
more equation is needed to be able to complete and solve the model. Assuming 
equilibrium between the air phase and the sorbed phase at a constant temperature, 
adsorption isotherm is considered between the sorbed phase concentration and the air. 
Therefore, using the appropriate adsorption isotherm from Table 2- 2, allows computing 
the actual concentrations (Cs) as function of the air phase concentration (C). Therefore, 
there are two unknown concentrations in two equations (43) and (44) which will be 
determined by solving the equations using MATLAB SIMULINK. 
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3.3 FINDING MODEL PARAMETERS 
A number of parameters are needed as input to the model and can be classified into three 
groups. The sorption parameters, the filter design parameters, and the environmental 
parameters are three types of parameters that affect the removal performance of the filters 
and as a result, the lifetime of the filter. Therefore, they should be accurately determined 
to increase the confidence level in the model prediction capability. 
3.3.1 Sorption Parameters 
3.3.1.1 External diffusion 
The contaminant mass transfer (w) through the boundary layer is approximated from 
boundary layer theory as shown in equation (22). In this equation there are some 
parameters needed to be identified; the external mass transfer diffusion coefficient, the 
surface area of the sorbent that is exposed to the contaminated air, and the density of the 
air. The external mass transfer coefficient is determined using the appropriate correlation 
of Sherwood number as described in Chapter 2. In the present study, the Wakao-Funzakri 
correlation was employed (equation 5). 
3.3.1.2 Internal diffusion 
Knudson, molecular, and effective diffusivity can be estimated from equation (14), (10), 
and (15), respectively. 
3.3.1.3 Adsorption 
A set of experiments is carried out to find the constant parameters of adsorption isotherm 
based on the adsorption isotherm models in Table 2- 2. 
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3.3.1.3.1 Isotherm Experimental Setup 
Figure 3- 5 shows the schematic of the experimental set up for the estimation of the 
isotherm constant parameters for each gas phase contaminant. The instruments used in 
this set-up include: two gas detectors, an injector, desiccators, an airflow controller, and a 
5-cm diameter cylindrical filter with 2-cm length. The filter was filled with 2 cm of 
granular activated carbon. Activated carbon was chosen as a media for the filter in the 
present study, because it has a significant ability to adsorb VOCs from the air. As shown 
in the figure, air is led to the airflow controller. The latter controls the air flow rate at 30 
lit/min. The residence time for this filter is calculated and found to be 0.08 s. In general, 
the contact time between gas and mediums should range between 0.02 to 0.2 s to ensure 
an effective removal process (Holmberg et al., 1993). Then, air passes through 
desiccators to be dehumidified and is then mixed with selected gases (contaminants). The 
contaminants are injected into the dry air with an injector at a constant injection rate. The 
contaminant concentration is measured by two gas detectors at the downstream and 




Figure 3- 5. Experimental set up for adsorption isotherm test 
 
Knowing the airflow rate and the density of the pollutant, the injection rate is calculated. 





Constant upstream concentration is injected continuously until the filter is saturated. 
When the downstream concentration becomes equal to the upstream concentration, the 
filter is deemed saturated and the test is stopped. At this point, the removal efficiency of 
the filter is zero. The removal efficiency is calculated at all times during the test using 
equation (45). 
Now, the maximum capacity of the filter is determined by measuring the amount of 
contaminants adsorbed on the filter. Therefore, the adsorption isotherm constant 
parameters for the pollutants are calculated.  
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Similarly, moisture exists in the air that is adsorbed to the filter’s media, and usually 
affects the removal performance of the filter. Accordingly, the maximum amount of 
moisture that a filter can adsorb should also be determined experimentally following the 
same procedure as that implemented for the contaminants. The only difference is that 
instead of injecting different contaminant concentrations into the air, different humidity 
levels are introduced. For this purpose, the air passes through a bottle of water, and a 
valve is connected to the tubes to control the moisture level. In other words, it is assumed 
that moisture is another contaminant in the air. The gas detectors can monitor the 
concentration of the moisture based on the dew point temperature of the humid air. 
Psychrometric chart provides relative humidity and concentration of the moisture based 
on its dew point temperature (ASHRAE 2005). 
The contaminant concentration is related to the removal capacity of the filter. Removal 
capacity is a parameter used for evaluating the effectiveness of the filter. Removal 
capacity is the percentile fraction of the total adsorbed mass of the contaminants over the 
total sorbent media weight (Haghighat et al., 2008). The capacity that is used as a 
contaminant concentration in a solid, Cs, is calculated using equation (46). This equation 
represents the ratio of the total mass of the contaminant that is adsorbed on the sorbent to 
the total mass of activated carbon, which was used in the filter. The capacity is calculated 
at each time step, and the total capacity is calculated by integrating over the duration of 

















C and Cs allow computing the isotherm parameters. Using Langmuir isotherm, for 
example, equation (17) is rewritten into a linear equation as equation (47) , then the 
experimental results are substituted into equation (47), and the Langmuir isotherm 






  (47) 
 
Isotherm constant parameters are calculated individually for each contaminant. However, 
air contains a mixture of contaminants. The extended Langmuir isotherm equation is used 
to find the Langmuir isotherm constants for a mixture of contaminants. Equation (48) is 
written for each component of the mixture. i represents the specific contaminant , and j 





















3.3.2 Filter Design Parameters 
The next step consists of determining the geometric parameters of the filters and the 
sorbent exposed surface area. Relevant geometric parameters include particle size and 
packing density. Particles used as media in the filter can be spherical, cylindrical, or 
unshaped. Therefore, a hydraulic diameter is used for the non spherical particle shapes. 










  (49) 
 
The particle diameter is used to compute the surface area. However, the exposed surface 
area of the sorbent is different from the total surface area. Packing density needs to be 
determined in order to find the actual exposed surface area. The packing density is 
defined as the ratio of total mass of the sorbent (mtotal) to the volume of the filter (Vtotal). 
The total area of the sorbent that is exposed to the bulk contaminated air can be 
calculated using the number of particles, the area of one pellet, and the number of 












3.3.3 Environmental Parameters 
Relevant environmental parameters that affect the filter’s performance include air 
temperature, relative humidity, contaminant type and concentration, and airflow velocity. 
The indoor air temperature and relative humidity depend on the season and the operation 
of the air-handling units. 
3.4 MODEL VALIDATION 
It is necessary to validate the model against experimental data. A set of experiments are 
required for model validation. Figure 3- 6 shows a schematic diagram of the proposed 
test set up. This test is almost the same as the ones conducted for the isotherm constant 
estimation, but in the model validation test, air passes through a humidifier. A multi-gas 
detector, GC/MS, was used to monitor the downstream and the upstream concentration. 
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These values were used to determine removal efficiency of the filter using equation (45).  
Breakthrough time is also another factor used in model validation. Penetration or 













The model validation is done by comparing the measured penetration or breakthrough 
time with the one predicted with the model.  
 





3.5 CASE STUDY 
As a case study, the application of the proposed methodology was verified for an 
available model. Herein, the granular activated carbon as the adsorbent. The filter was a 
cylinder with a 2 inch diameter filled with 25 g of cylindrical granular activated carbon. 
On the other hand, two compounds were considered as the gaseous pollutants; Methyl 
Ethyl Ketone, and n-hexane. Their properties are presented in Table 3-1.  










VP at 20 
(mmHg) 
Solubility in 
water at 20 C 
(g/l) 
Polarity 
Alcane n-hexane C6H14 86.2 69 132 Insoluble Non-
Polar 
Ketone MEK C4H8O 72.1 80 78 290 Polar 
 
 
3.5.1 Langmuir Isotherm Test for Case Study 
The Langmuir adsorption isotherm constant parameters of MEK and n-hexane were 
measured experimentally. The tests were conducted with an experimental setup as shown 
in Figure 3- 5. Five different concentrations of MEK between 15-100 ppm (15, 30, 50, 
70, and 100 ppm) and n-hexane between 30-300 ppm (30, 60, 100, 200, and 300 ppm) 
were introduced to the clean dry air (upstream line) at a flow rate of 30 lit/min at 23±1
◦
C. 
The injection rates for MEK and n-hexane are presented in Table 3- 2 and Table 3- 3. For 
each concentration, the test was carried out until the filter was saturated. Consequently, 
the maximum amount of a contaminant that a filter could adsorb was determined and 
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corresponded to the filter saturation and contaminant concentration. This amount divided 
by the mass of the filter’s media represents the concentration of the contaminant in the 
solid phase (sorbent’s media). This amount presents Cs in the equation (46). Thus, five 
different Cs corresponding to the C (15, 30, 50, 70, 100 ppm for MEK and 30, 60, 100, 
200, 300 ppm for n-hexane) were calculated. 











Mass flow rate 
(g/min) 
Volume flow rate 
(μl/min) 
15 44.35 0.805 30 0.0013 1.6531 
30 88.70 0.805 30 0.0027 3.3061 
50 147.84 0.805 30 0.0044 5.5102 
70 206.97 0.805 30 0.0062 7.7143 
100 295.68 0.805 30 0.0089 11.0204 
 
 











mass flow rate 
(g/min) 
volume flow rate 
(μl/min) 
30 105.90 0.655 30 0.0032 4.8519 
60 211.80 0.655 30 0.0064 9.7037 
100 353.00 0.655 30 0.0106 16.1729 
200 706.00 0.655 30 0.0212 32.3458 
300 1059.00 0.655 30 0.0318 48.5186 
 
3.5.2 Validation Tests for the Case Study 
The experiments described previously were carried out at four conditions. For the first 
two conditions, only one contaminant was present in the dry air. In the first phase, 100 
ppm of MEK, and the in the second phase, 100 ppm of n-hexane was injected in the dry 
air. The downstream concentration was measured by a photo-acoustic gas detector, 




In the third and fourth phases, both MEK and n-hexane were injected at concentration of 
100 ppm.  The mass balance equation between liquid phase and gas phase was written to 
convert the volume of the injected liquid (contaminant in liquid phase) to the contaminant 












Table 3- 4 shows the calculated injection rate for each contaminant in the single-
contaminant tests (case 1 and 2), and the total injection rate in the mixture-of-
contaminants tests (case 3 and 4), at 30 lit/min airflow rate. 












Volume injection rate 
(µl/min) 
MEK 100 295.71 0.0012 0.81 1.47 
n-hexane 100 353.54 0.0014 0.65 2.16 
Total 100 649.25 0.0026 - 3.63 
 
 
Therefore, for 20 ml of contaminant mixture, the required calculated amount of MEK and 
n-hexane are: 
Volume of MEK needed (ml) = 20 ml × (1.47 µl/min) / (3.63 µl/min) 
Volume of n-hexane needed (ml) = 20 ml × (2.16 µl/min) / (3.63 µl/min) 
The mixture was injected at rate of 3.63 µl/min. The third test was conducted with dry 
carrier gas, and the fourth one was done in 50% relative humidity. The downstream and 
upstream concentrations were monitored with a multi-gas detector, gas chromatography 
 50 
 
mass spectrometry (GC/MS). The breakthrough profiles of these four phases were 
estimated both experimentally and numerically. 
3.5.3 Calibration Method for Single Gas Detectors 
The schematic setup of the calibration is presented in Figure 3- 7. Both gas analyzers 
were calibrated separately for MEK and n-hexane. Gas detectors were calibrated for 
MEK approximately between 0-80 ppm, and for n-hexane between 0-200 ppm. Dry air 
was used as carrier gas and the airflow rate was adjusted at 30 lit/min. Contaminants were 
injected into the air stream with a syringe pump. The injection rates for each 
concentration of the contaminants were calculated using equation (51). The single gas 
detectors readings were used to derive their calibration curves for each compound. The 
curves and their equations are presented in Figure 3- 8 and Figure 3- 9. 
 





Figure 3- 8. Calibration curves of single gas detectors for MEK 
 
 
Figure 3- 9. Calibration of single gas detectors for n-hexane 
 
y = 0.504x - 0.941
R² = 0.999




























Calibration curves of MEK
gas detector 1 (B&K)
gas detector 2 (INNOVA)
y = 0.162x - 4.235
R² = 0.979

























Calibration Curves of n-Hexane
gas detector 1 (B&K)
gas detector 2 (INNOVA)
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3.5.4 Calibration Method for Multi-Gas Detectors 
A gas chromatograph/Mass spectrometer (GC/MS) coupled with a Thermal Desorber 
(Perkin Elmer model TurboMatrix 350) was used for analyzing the contaminants 
concentration. The Thermal Desorber (TD) collects gas samples, and GC/MS analyzes 
the samples. Sampling is done using sampling tubes (Air Toxics stainless steel sampling 
tubes). Before starting the calibration, sampling tubes were preconditioned by passing a 
flow of 50 ml/min of helium (UHP 5.0) through the sampling tubes for 30 minutes at 
300
◦
C. Besides, Turbo Mass software was used to control the GC/MS and TD system on 
a laboratory personal computer. A method was developed for TD to collect upstream and 
downstream samples. Then, GC/MS analyzed the samples to determine the contaminants 
and the concentration of contaminants for each pollutant in the air.  
Based on Figure 3- 7, the mixture of contaminants with concentrations ranging between 
0-150 ppm for each compound was injected into the upstream line and the response of 
GC/MS (gas analyzer) was read. Both upstream and downstream sampling analyzing 











y = 0.004x - 8.469
R² = 0.967
































CHAPTER 4  RESULTS AND DISCUSSION 
4.1 INTRODUCTION 
In this chapter, the quantified parameters for the case study are presented. Furthermore, 
the breakthrough profile of the contaminants used in the case has been compared based 
on the results of the modeling and the experiment. Therefore, the model has been 
evaluated for the four mentioned conditions: single contaminant (MEK) in dry air, single 
contaminant (n-hexane) in dry air, mixture of MEK and n-hexane in dry air, mixture of 
MEK and n-hexane in air with 50% relative humidity. 
4.2 ADSORPTION ISOTHERM 
4.2.1.1 Langmuir isotherm constants 
For each injected concentration in Table 3- 2 and Table 3- 3, the corresponding sorbed 
phase concentration (capacity, Cs) was calculated by equation (46), and the maximum 
capacities were fitted to the Langmuir isotherm model (equation (17)). Then, the isotherm 
constants were determined by regression (equation (47)).  The results are shown in Figure 




Figure 4- 1. MEK Langmuir Isotherm 
 
 
Figure 4- 2. n-hexane Langmuir Isotherm 
 















MEK Linearized Langmuir Isotherm

















n-Hexane Linearized Langmuir Isotherm
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Besides, Langmuir isotherm constants for water vapor were calculated as displays in 
Figure 4- 3. 
 
Figure 4- 3. Moisture Langmuir Isotherm 
The calculated Langmuir isotherm constants, KL and Cs0 for MEK, n-hexane, and 
moisture are presented in Table 4- 1. 
Table 4- 1. Test results and conditions for adsorption isotherm 
Pollutant KL (g/g) CS0 (g/g) Media Airflow Rate (lit/min) 
MEK 19531 0.128 25 g A.C 30 
n-hexane 7407 0.272 25 g A.C 30 
moisture 0.013 10000 25 g A.C 30 
 
4.2.1.2 Diffusion parameters 
For internal diffusion, the Knudson diffusivity was calculated using equation (14) for 
each compound, and the molecular diffusivity was extracted from the literature (Kwon et 




























Moisture Linearized Langmuir Isotherm
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al., 2003). The molecular diffusion and Knudson diffusion and effective diffusivity were 
employed to calculate equation (15) for each compound. The results are shown in Table 
4- 2. 
For external diffusion, the external mass transfer coefficient (convection coefficient) is 
calculated using a Sherwood correlation, equation (15). The mass transfer coefficients 
obtained for both MEK and n-hexane are tabulated in Table 4- 2. 
 
 
Using the obtained input, the simulation was carried out using MATLAB SIMULINK.  
4.3 EXPERIMENTAL RESULTS 
4.3.1. Single Contaminant Injection 
Figure 4- 4 shows the experimental breakthrough curve of 100 ppm n-hexane, in dry air 
condition. The filter reached 50% breakthrough in 8.56 hours and reached 80% 
breakthrough in 10.88 hours. 




























Figure 4- 4. Breakthrough time of 100 ppm n-hexane in dry condition 
Figure 4- 5 presents the breakthrough curve of 100 ppm MEK in dry air condition. The 
filter reached 50% and 80% breakthrough in 5.25 hours and 7.3 hours, respectively. 
Figure 4- 4 demonstrates that it took 15.5 hours for the filter to be saturated when it was 
challenged with 100 ppm n-hexane, while Figure 4- 5 shows that it took 12.5 hours when 
the filter was challenged with 100 ppm MEK. This is because the heavier compound (n-
hexane) had more affinity to be adsorbed on the activated carbon rather than the lighter 
one (MEK), and the carbon had a stronger bond with n-hexane rather than MEK. As 
presented in Table 3- 1, n-hexane has a molecular weight of 86.2, while MEK has a 
molecular weight of 72.1. Therefore, the lifetime of a filter is longer for pollutants with 























Figure 4- 5. Breakthrough time of 100 ppm MEK in dry condition 
 
The impact of a mixture of pollutants was investigated by injecting a mixture of 
contaminants in the air. The tests were conducted at two different conditions; dry air, and 
humid air. Furthermore, the tests were carried out at the same condition twice to assure 
their repeatability. Taking Figure 4-6 into account, the relative error for the two tests at 
the same condition in dry air at 50% breakthrough and 80% breakthrough was less than 
5%.  
Figure 4-6 presents the breakthrough profile of MEK and n-hexane when a mixture of 
contaminants was injected. This figure demonstrates that the downstream concentration 
of the lighter compound increased quickly and exceeded the upstream concentration, and 
finally decreased to the upstream concentration. On the other hand, the breakthrough of 





















MEK and n-hexane reached the same level as their upstream concentrations and remained 
stable until the end of the adsorption of the heavier compound. 
The results of the mixture tests (Figure 4-6 and Figure 4-7) indicate that when the filter is 
challenged with a mixture of contaminants, the compounds compete to be adsorbed on 
the sorbent. Here, n-hexane is heavier than MEK and has a higher affinity to be adsorbed 
on the filter. Therefore the lighter compound (MEK) reached its 100% breakthrough 
faster than n-hexane. Meanwhile, the heavier compound replaced the adsorbed lighter 
compound, resulting in the forced-desorption of MEK. Therefore, the MEK concentration 
downstream exceeded its upstream one due to the contribution of the displaced adsorbed 
MEK by n-hexane. 
 
 



















Breakthrough in dry air
n-Hexane in dry mixture
MEK in dry mixture
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4.3.3 Mixture of Contaminants Injection in Humid Air 
Figure 4-7 shows the breakthrough profile of MEK and n-hexane when the filter was 
challenged with a mixture at 50% relative humidity.  
 
Figure 4- 7. Breakthrough curve of MEK and n-hexane in humid condition 
Figure 4-7 shows the same trend for the MEK breakthrough profile as Figure 4-6 when 
the filter is challenged with a contaminant mixture of 100 ppm (MEK and n-hexane). 
Therefore, it is concluded that humidity did not have much effect on the adsorption of 
either MEK or n-hexane.  
4.3.4. Comparing the Tests  
Figure 4-8 compares the experimental breakthrough profiles of n-hexane in dry air, MEK 
in dry air, and MEK in humid air. In all three experiments, n-hexane had a concentration 
of 100 ppm. It was observed that the breakthrough curve of n-hexane was the same in all 



















Breakthrough in humid air
MEK in humid mixture
n-Hexane in humid mixture
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performance of the filter for n-hexane. 50% and 80% breakthrough time of n-hexane 
either as a single contaminant or accompanied with MEK or water vapor was almost the 
same. 
 
Figure 4- 8. Experimental breakthrough curves of n-hexane in different test conditions 
 
Figure 4-9 shows that MEK has completely different behavior when it is injected as a 
single gas or as a mixture. When there was only one contaminant in the air (MEK), the 
breakthrough of MEK increased as time elapsed until the filter became saturated. 
Complete saturation of the filter occurs when the removal efficiency is zero or the 
breakthrough time is 100%. However, when both n-hexane and MEK were injected in the 
air, the penetration of MEK changed due to the interaction between the contaminants’ 
molecules. The molecules of n-hexane interfered with the adsorption process of MEK. 
Therefore, when more than one contaminant was present in the air, the heavier 




















n-Hexane and MEK-humid air
n-Hexane and MEK-dry air
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on activated carbon. Figure 4-9 depicts that penetration of MEK increased quickly, 
reached to 1.2% of its complete breakthrough, and then decreased to the complete 
breakthrough when n-hexane was in the air in addition to MEK. However, the 
discrepancy of breakthrough time of MEK in dry and humid air is negligible. 
 
Figure 4- 9. Experimental breakthrough curves of MEK in different test conditions 
 
4.3.5 Repeatability Tests 
Some tests were repeated twice to confirm the reliability of the developed test procedure 
and measurement technique. The breakthrough results of 300 ppm of n-hexane, and 70 
ppm of MEK for the isotherm tests, and 100 ppm of mixture (MEK and n-hexane) at dry 
and humid air condition for the verification tests is presented in Figure 4-10, Figure 4-11, 
Figure 4-12, and Figure 4-13, respectively. 
Figure 4-10 shows the breakthrough profile of 70 ppm MEK for two tests (experiment 1 




















MEK and n-Hexane-dry air




the repeatability of the tests. The relative error between two tests is 1.6% in 50% 
breakthrough and 5% in 80% breakthrough time. Figure 4-11 presents the breakthrough 
profile of 300 ppm n-hexane. The relative error between the two tests (experiment 1 and 
experiment 2) in 50% breakthrough is 3% and in 80% breakthrough is less than 1%. 
 



























Figure 4- 11. Breakthrough curve of 300 ppm n-hexane in dry condition (repeatability test) 
 
The breakthrough profiles for the repeatability tests for mixture of contaminants (100 
ppm MEK and 100 ppm n-hexane at dry and humid air condition) depict less than 6% 
relative error in 50% and 80% breakthrough time. Figure 4-12 shows the results of two 
experiments for a case when the filter was challenged with a mixture of 100 ppm MEK 
and 100 ppm n-hexane. While Figure 4-13 presents the breakthrough profile of the same 
compounds at 50% relative humidity. These results indicate that the experiments were 

















































































4.4 MODELING RESULTS 
The simulation was carried out after determining all the required inputs either 
experimentally or using the existing formulate. The simulation was carried out by solving 
two ordinary differential equations (43) and (44) using MATLAB SIMULINK. The 
simulations were performed at the same conditions as the experiment, i.e, in 30 lit/min 
airflow rate, and 23
◦
C temperature for 100 ppm upstream concentration for four different 
conditions: single contaminant (MEK) at dry condition, single contaminant (n-hexane) at 
dry condition, mixture of contaminants (MEK and n-hexane) at dry condition, and 
mixture of contaminants (MEK and n-hexane) at humid condition. Then, the prediction 
made by the model was compared with experimental data. 
Figure 4-14 presents the breakthrough profile of 100 ppm n-hexane at dry air condition 
obtained from the simulation and experiment. The relative error between the model 
prediction and the experiment at 50% breakthrough time was 9.7% and, at 80% 
breakthrough time was 7.7%. 
Figure 4-15 displays the model prediction and experimental breakthrough time of MEK 
for dry air condition. The error of predicting the 50% and 80% breakthrough time of 





Figure 4- 14. Breakthrough profile of 100 ppm n-hexane in dry condition 
 
 
Figure 4- 15. Breakthrough profile of 100 ppm MEK in dry condition 
It therefore could be concluded that the model is able to predict the performance of a gas-











































able to predict the penetration of both MEK and n-hexane at 50% and 80% breakthrough 
time with an error of less than 10%. 
Figure 4-16 compares the experimental results for a contaminant mixture (100 ppm MEK 
and 100 ppm n-hexane) in dry air with the model prediction. The model predicts the 
removal performance of the filter for the lighter compound (MEK) with a less accuracy. 
It predicts the 50% breakthrough time with an error of 25% and 80% breakthrough time 
with an error of 26%. However, the model failed to predict the removal performance of 
the filter for n-hexane. 
 
Figure 4- 16. Breakthrough profile of MEK and n-hexane in dry air containing two contaminants  
 
Figure 4-17 compares the breakthrough profile of MEK and n-hexane (100 ppm MEK 
and 100 ppm n-hexane) in dry air and 50% relative humidity predicted by the model and 


























modeling in 50% breakthrough time was 18% and in 80% breakthrough was 23%. 
However, the relative error for breakthrough prediction from modeling is high (80%) for 
n-hexane. Therefore, it is concluded that the model applied for a mixture of contaminants 
in humid condition could predict the breakthrough of MEK with 25% relative error, but 
with 80% relative error for n-hexane. 
 
 
Figure 4- 17. Breakthrough curve for MEK in humid mixture 
 
However, n-hexane showed almost the same breakthrough profile for different test 
conditions as it is presented in Figure 4-8. Therefore, if Figure 4-8 and Figure 4-14 are 
merged together as in Figure 4-18, it was concluded that single contaminant model can 


























whether it is the only contaminant in the air, or it is accompanied with another 
contaminant in dry or humid air conditions.  
 
Figure 4- 18. Breakthrough time of n-hexane from modeling and experiments 
 
Figure 4-19 shows the relative error of MEK and n-hexane in 50% breakthrough time 
between the prediction made by model and experimental result for the previously 
mentioned four conditions; single contaminant, mixture of contaminants in dry condition, 
and mixture of contaminants in humid condition for MEK and n-hexane. The results 
show that there is excellent agreement between the prediction made by the model and 
experimental results. Although the model cannot predict the breakthrough time of 
contaminants for the case of mixture as accurately as it can predict the breakthrough time 
for a single one, the error obtained for a lighter compound in the mixture is less than 25% 
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Figure 4-16 and Figure 4-17 display a very little difference between dry air and humid air 
for adsorption. As it was mentioned, MEK reached 50% breakthrough in 4.3 hours in 
humid air containing a mixture of MEK and n-hexane, and in 4.7 hours in dry air. The 
effect of different relative humidity levels has been studied in the previous literatures 
(Owen et al., 1995). It has been concluded that water vapor adsorption on granular 
activated carbon filters is not significant for 50% relative humidity or lower (Khazraei 
Vizhemehr et al., 2011). The present study also confirms the effect of humidity on 
adsorption is insignificant for cases less than 50% relative humidity. 
 
Figure 4- 19. 50% breakthrough time relative error of modeling in different conditions 
 
The error in predicting the penetration of MEK and n-hexane at 80% breakthrough time 
in the air containing a single contaminant or a mixture of contaminants, for dry and 




























for predicting the performance of a filter when it is challenged with a single contaminant. 
The model, however, cannot predict accurately when it is applied to a mixture of 
contaminants. Modeling results are deemed acceptable for the n-hexane (heavier 
contaminant), but almost acceptable for MEK (the lighter contaminant). 
 
Figure 4- 20. 80% breakthrough time relative error of modeling in different conditions 
 
4.5 SUMMARY 
In summary, a specific case study was investigated in order to evaluate the validity of a 
methodology to evaluate gas phase models. The proposed methodology was evaluated 
through a case study. The methodology was applied to validate the selected model. The 
required parameter for the model were extracted from the literature or obtained 




























Then, the model was verified against the experimental results. The model exhibited a 
very good capability in predicting the performance of the filter when it was exposed to a 
single contaminant. In fact, the error for single contaminant was less than 10%. However, 
when it was applied to a mixture of contaminants, the model could not predict the 
behavior of the heavier compound. It could predict the breakthrough profile of the lighter 
compound with an error of less than 26% for dry air and 23% for humid air. The heavier 
compound could be predicted by single model, because there was no significant 
discrepancy between the behavior of the heavier compound in single-pollutant 









Table 4- 3. Required Parameters 
Sorption Parameters 
Compound hm (m/s) De (m/s
2
) K (g/g) Cs0 (g/g) 
n-hexane 0.046 1.97e
-6
 0.0272 7407 
MEK 0.047 2e
-6
 0.0128 19531 
Filter Design Parameters 
Filter’s Media Particle Size (mm) Packing Density (kg/m3) As (m
2
) 











n-hexane 100 30 0 and 50
 * 
23±1 









CHAPTER 6  CONCLUSION AND RECOMMENDATIONS FOR 
FUTURE WORK 
6.1 SUMMARY 
The objective of the present research was developing a systematic methodology to 
evaluate the performance of existing models of gaseous air cleaners for application in 
building mechanical ventilation systems. The study focused on models of filters that 
remove pollutants such as VOC from the air by the process of adsorption. The proposed 
methodology is of great help to HVAC designers for estimating the lifetime of filters 
using the selected model, prior to its production. 
The objectives of the current study were achieved by; first, selection of the most 
comprehensive model available for predicting the penetration of the contaminants on an 
adsorbent. The model could be generalized for diverse adsorbent media in the filters for 
any mixture of contaminants in the air. Furthermore, this model: 
 predicted the penetration profile for each contaminant in the air. 
 was applied to more than one contaminant in the air. 
 provided penetration data in the presence of moisture in the air. 
The model is based on the basic mass transfer phenomena occurring during the 
adsorption process. These consist of adsorption, external diffusion, and internal diffusion. 
Therefore, the parameters required for solving the model and determining the rate of 
mass transfer by the three phenomena listed above were quantified. Some parameters 
were calculated based on previous studies, some were environmental parameters that 
were adjusted based on ASHRAE standards, and some were filter design parameters that 
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were assumed. The method used to obtain the required parameters is general and could be 
used for any case. However, a case study selected, and investigated. The corresponding 
required parameters were determined. 
 The external mass transfer coefficient was defined based on the Wakao-Funzakri 
correlation of Sherwood number. The external mass transfer coefficient provided 
the convection mass transfer rate. 
 The relative humidity was set to 50% since it is the most usual humidity level in 
Canada. 
 The airflow rate was adjusted to 30 lit/min based on the calculations for residence 
time needed between the media and air. 
 The filter’s adsorbent was selected as granular activated carbon with 2.5 mm 
diameter and 6 mm length. 
Finally, some parameters were quantified using extensive experimental tests. These tests 
were carried out at the conditions mentioned above for simulation. The parameters 
included the adsorption isotherm constant parameters. Tests were conducted for MEK, n-
hexane, and moisture. The experimental results were regressed with the Langmuir 
isotherm equation and the constant parameters of the Langmuir equation were quantified. 
After collecting all the required parameters, the simulations were performed for four 
different scenarios. The four experiments corresponding to the four scenarios were 
carried out to study the filter performance in term of breakthrough time. The four 
experiments include: 
 Case 1: injecting 100 ppm n-hexane to the air at dry condition. 
 78 
 
 Case 2: injecting 100 ppm MEK to the air at dry condition. 
 Case 3: injecting 100 ppm n-hexane and 100 ppm MEK to the air at dry condition. 
 Case 4: injecting 100 ppm n-hexane and 100 ppm MEK to the air at 50% relative 
humidity level. 
Then, the results obtained from the model prediction were compared to the results 
extracted from the experiments. 
6.2 CONCLUSIONS 
In conclusion, the applicability of the proposed methodology was validated based on the 
case study. The proposed approach was followed systematically for the case, and its 
generality was confirmed. Furthermore, the selected model was verified experimentally. 
It was concluded that lifetime prediction based on the single model was acceptable, with 
less than 10% calculated relative error. However, lifetime prediction in the mixture model 
had more relative error. The obtained error of the model for MEK breakthrough profile 
was less than 30% and n-Hexane breakthrough profile was almost 80%. Therefore, 
 The selected model was capable of predicting the lifetime of the filter with less 
than 10% error for case 1, and within 3% relative error for case 2. This 
discrepancy could be due to the simplifying assumptions included in the model, 
e.g neglecting intra-particle diffusion coefficient, linear driving force assumption 
for convection rate, and adsorption isotherm assumption. Furthermore, the error 
could come from experimental mishaps such as variations in temperature, 
pressure drop, air leakage, etc. 
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 The selected model was capable of predicting the penetration profile of MEK with 
less than 26% relative error in case 3 and 4, but it was not able to predict the 
penetration profile of n-hexane in phase 3 and 4. Therefore, when a mixture of 
pollutants is present, the model failed to predict the breakthrough profile of the 
heavier contaminant, but succeeded in predicting for the lighter one. 
 Because the breakthrough profile of n-hexane did not change in case 1, 3, and 4, 
the simulation results of case 1 could be used to predict the performance of a filter 
for case 3 and 4. 
According to the breakthrough profiles of MEK and n-hexane extracted from the model 
and the experiments, other conclusions have been made: 
 The concentration of n-hexane in the downstream (in case 1) increased with time 
and reached half of the upstream concentration in about 8.56 hours. 
 The concentration of MEK in the downstream (in case 2) increased as the removal 
efficiency decreased. MEK showed the same breakthrough profile as n-hexane. 
However, MEK reached 50% breakthrough time in 5.25 hours. 
 n-hexane had more affinity to be adsorbed on activated carbon than MEK because 
of its molecular weight. The removal efficiency of the filter reached zero in 16 
hours for n-hexane in the first case, and in 13 hours for MEK in the second case. 
Therefore, the filter (activated carbon) is capable of removing heavy contaminants 
more efficiently than light contaminants. 
 Case 3 of the experiments demonstrated that when there is more than one 
pollutant in the air, the breakthrough profile of the lighter contaminant changes. 
The lighter contaminant downstream concentration (MEK) increased and 
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exceeded its upstream concentration. This is due to the displacement of lighter 
compound molecules (MEK) by the heavier compound molecules (n-hexane) 
because of the existing competition between these two kinds of molecules. The 
breakthrough value of n-hexane reached unity 9 hours after the MEK 
breakthrough reached unity. 
 Case 4 of the experiment presented almost the same results of case 3. This 
comparison showed that 50% relative humidity has insignificant effect on the 
removal performance of the filter. 
 The removal efficiency of the filter in removing multiple VOCs was higher for n-
hexane than MEK. This is due to the fact that the removal efficiency of a filter 
(breakthrough value of the contaminants on the filter) is affected by the physical 
properties of VOCs. Among different physical properties, the molecular weight of 
the pollutants is the most significant factor that affects the filter’s performance 
based on previous researches. The current study also confirmed that the pollutants 
with higher molecular weight had more affinity to be adsorbed by activated 
carbon and resulted in more removal from the air. 
 Comparing case 1, 3, and 4, it was found that the breakthrough profile of n-
hexane (heavier compound) did  not change whether it was the only pollutant in 
the air, or was accompanied with a lighter contaminant, or even if the air is dry or 
humid. 
 The selected model MEK penetration profile prediction did not change for cases 3 
and 4 and confirmed the outcomes of conducted experiments. Besides, it 
confirmed that humidity did not have much effect on the filter performance. 
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6.3 RECOMMENDATIONS FOR FUTURE WORK 
Based on the achievements of the present study, further work is recommended as follows: 
 The present method has the ability to assess the lifetime of other adsorbents such 
as activated carbon cloth and bonded carbon panel with other groups of VOC 
gases. The effect of other adsorbent and other adsorbates could be investigated 
using this method. The polarity of the VOCs on the removal performance of the 
filter should also be investigated. 
 This method should be applied to evaluate the model performance for different 
upstream concentration levels. Its applicability should be tested for ppb level as 
well as for high ppm levels. 
 The method should be applied for other available models, and the outcome of 
other models should be compared with the present one.  
 The developed methodology should be applied to investigate the effect of 
environmental parameters such as temperature, relative humidity, and airflow 
velocities. The lifetime of the filter is a function of environmental conditions. 
Relative humidity effect is low for humidity levels below 50% based on Owen et 
al (1995) study. However, the removal efficiency of the filters may decrease with 
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